We studied the contributions of eddies with various time scale to the covariances of the zonal wind component, temperature and geopotential height with the meridional wind component in the tropical troposphere by the spectral analysis of time series data of Pacific stations for April-July 1962. In the equatorial region disturbances with periods near 4 days play an important role in the covariances. On the other hand, disturbances with period near 6 days and those with periods longer than 10 days mostly contribute to the covariances in sub-tropical latitudes (near 20*N).
Introduction
In recent years, the synoptic-scale wave disturbances in the tropics have been intensively studied by the spectrum analysis of time series data of wind, temperature, geopotential height, etc. Yanai et al.(1968) studied the power spectra of the meridional component of the wind in the tropical Pacific area and found the disturbances with 4-to 5-day periods in the troposphere and in the lower stratosphere.
The disturbance in the lower troposphere was related to the "easterly wave" which was previously studied by Riehl (1945 Riehl ( , 1948 Riehl ( , 1954 and Palmer (1951 Palmer ( , 1952 . The disturbance in the upper troposphere and the lower stratosphere was identified with the planetary-scale wave which had been discovered by Yanai and Maruyama (1966) . Wallace and Chang (1969) also made a spectrum analysis of large-scale wave disturbances in the tropical lower troposphere below the 500-mb level. Nitta (1970) examined the average structure of the tropospheric wave disturbances with periods near 4 days in detail by various cross spectrum analyses. These wave disturbances may play an important role in the general circulation in the tropics. Maruyama (1968b) and Yanai and Hayashi (1969) established that the planetary-scale wave found by Yanai and Maruyama (1966) transports the zonal momentum and wave energy upward and the sensible heat poleward.
It has been known that all of the mean motion, transient eddies and standing eddies are important for the general atmospheric circulation in the tropics. The Hadley type circulation is converting mean available potential energy into mean kinetic energy, therefore the Hadley circulation is of great importance for the atmospheric budget of kinetic energy. But because of large errors in determining the mean meridional circulation, results of various meridional transports due to the mean motion have not been so reliable. Several authors have shown that standing eddies as well as transient eddies play an important role in various transports in the tropics (Obasi, 1963; Tucker, 1965; Iida, 1968; Kidson et al., 1969) . Starr and White (1952a, b, 1954) examined the eddy transport of zonal momentum in the Northern Hemisphere down to 13 *N and Obasi (1963) examined them in the southern hemisphere. They showed that the momentum transport due to eddies is generally poleward in the tropics. Besides, Tucker (1965) , Iida (1968) and a more recent and extensive study of Kidson et al. (1969) showed that a strong momentum flux in the upper equatorial troposphere is directed from the winter hemisphere to the summer hemisphere. As for the transport of sensible heat, Starr and Wallace (1964) found that there is an equatorward (counter gradient) eddy heat flux at low latitudes. Kidson et al. (1969) also showed equatorward sensible heat flux due to eddies in the middle troposphere in the tropics.
In various studies mentioned above statistical quantities due to all the eddies have been obtained but time scales of eddy disturbances contributing to the tropical atmospheric circulation have not been examined. In this study we obtain the eddy transports based on co-spectra between various quantities in the period range of 2 to 20 days at several tropical stations in the Pacific, and examine the typical periods of eddies which may significantly contribute to the general circulation in the tropical atmosphere.
The study of the horizontal transports of the wave disturbances is closely related to the study of the energetics of these disturbances.
The mechanism of maintenance of tropospheric wave disturbances in the tropics has not been fully explained partly because of the sparse data in the tropics and partly because of the lack of adequate dynamical models. These wave disturbances have been known to possess the "cold-core" structure in the lower troposphere. Nitta (1970) confirmed this quite clearly by the spectral analysis. Palmer (1951) and Yanai (1961) have suggested that the kinetic energy of the wave disturbances is supplied from the trade easterly current through the horizontal shear. Nitta and Yanai (1969) showed a possibility of the barotropic instability in the trades in the western Pacific. Recently Mak (1969) presented an interesting theory that indicates a possible excitation of the tropical atmosphere driven by stochastic lateral forcing at * 30* latitudes.
On the other hand, Manabe and Smagorinsky (1967) showed that the eddy kinetic energy in a model tropical toposphere is maintained by the conversion from eddy available potential energy in the upper troposphere, which is generated by the release of latent heat of condensation. In a numerical experiment, Krishnamurti (1969) also showed that there is a strong conversion of eddy potential energy to eddy kinetic energy in equatorial latitudes. Recently Yamasaki (1969) has examined the stability of the easterly zonal flow with vertical shear in a conditionally unstable atmosphere and obtained a wave mode which resembles the "easterly waves".
This theoretical wave obtains its kinetic energy from the available potential energy due to the latent heat release. In the last part of this paper, a partial estimate of the energy transformations of eddies will be made.
Data and method
The data used in this study identical with those used in the previous study (Nitta, 1970) . We use the data based on special upper observations in the tropical Pacific from 1 April to 31 July 1962. Table 1 shows the list of the upper-air stations.
Wind, temperature and geopotential height (or pressure) data are available at an (Yanai et al., 1968; Nitta, 1970) we used a high-pass filter which conserved the variations only in the period range less than 10 days to pick up the disturbances with periods of 4 to 5 days.
But since we need to examine horizontal transports due to various disturbances which may contain periods longer than 10 days, we use a revised high-pass filter which conserves the variations within the period range less than about 20 days. We take 25 as the maximum lag number which gives 51 spectral estimates at an interval of 0.02 cycle per day. The details of computing procedure of the high-pass filter and the spectral analysis were given in Maruyama (1968a) .
The covariance between a physical parameter A and the meridional wind component * shows the total horizontal transport of A due to eddies and the co-spectra between A and *, Cf(A, *), gives a measure of the northward transport of the quantity A due to the eddies of frequency f. As we use spectra of time series data, the transport obtained in our analysis is due to the transient eddies, which may include contributions due to "pulsating" stationary waves as well as travelling wave disturbances.
3. Co-spectra between u and *, T and *, * and * We shall examine the contribution of various disturbances to the covariances of zonal component of the wind (u), temperature (T) and geopotential height (*) with meridional wind component (*). We calculate co-spectra between u and 8, T and *, and * and *. Since co-spectra at each station are somewhat irregular, we average co-spectra of several stations. We average the co-spectra at Palmyra (6*N, 162*W), Majuro (7* N, 171*E) and Kwajalein (9*N, 168*E) as a group representing the equatorial region. In the lower troposphere, the co-spectra at stations in the Marshall Islands and those at stations in the Line Islands are somewhat different. The negative values of C(T, *) due to 4-day period disturbances are a little stronger in the former region than in the latter region and the positive values of C(u, *) due to these disturbances are stronger in the former region than in the latter region. These differences may be related to the difference of the characteristics of disturbances between the eastern Pacific and the western Pacific as noted by Nitta (1970) . But the general features of the co-spectra are almost the same, so that we average the co-spectra without considering the longitudinal difference of the stations. Since the latitude of Christmas (2*N, 157*W) is somewhat different from those of three stations mentioned above and the data at constant pressure levels at the station are not so good, we exclude the data at Christmas. We also average the co-spectra at Hilo (20*N, 155*N), Lihue (22*N, 159*W), Johnston (17*N, 170*W) and Wake (19*N, 167*E) as another group representing the sub-tropical latitudes near 20*N. Fig. 1 illustrates the average co-spectra between u and * in the equatorial and the sub-tropical latitudes. The average co-spectra near 20*N (left) show two positive peaks, i. e. disturbances with periods of about 6 days and those with periods longer than 10 days transport the momentum northward.
The poleward momentum flux due to these disturbances becomes maximum at about 200mb.
On the other hand, the average cospectra near the equator (right) show that disturbances with periods of about 4 days also play an important role in the u-* correlation. In the middle troposphere contributions due to the 4-day period disturbances are relatively larger than those due to the other disturbances. The 4-day period disturbances also transport zonal momentum poleward.
In the equatorial upper troposphere, contributions of disturbances with periods of about 6 days and those with periods longer than 10 days are also large. It is interesting that the 6-day period disturbances have a negative correlation between u and *. Fig. 2 shows the average co-spectra between T and * in the equatorial and the sub-tropical regions. The average co-spectra near 20*N (left) show that there are large positive correlations in the period range longer than 10 days in the upper troposphere and in the lower stratosphere, and small negative correlations in the period range near 6 days centered around the 200-mb level. On the other hand, contributions due to 4-5 day period disturbances dominate in the equatorial region (right).
The estimates of C(T, *) due to the 4-5 day period disturbances are negative in the lower troposphere and are positive in the upper troposphere and in the lower stratosphere. There is a sharp positive peak of C(T, *) near the 100-mb level.
In addition to the 4-5 day disturbances, positive correlations between T and * in the period range longer than 10 days and negative correlations in the period range near 7 days also exist in the upper troposphere. Fig. 3 shows co-spectra between geopotential height and meridional wind velocity.
In the average co-spectra near 20*N (left), there are large negative C(*, *) both in the period range longer than 10 days and in the period range near 6 days in the upper troposphere.
The estimates of C(*, *) in the other period range are very small. On the other hand, for the average cospectra near the equator (right), contributions of disturbances with periods of about 4 days are relatively large in the whole troposphere.
C(*, * ) due to the 4-day disturbances are negative in the middle and upper troposphere, showing the equatorward energy flux. The equatorward energy flux due to the 4-to 5-day period disturbances in the upper troposphere has been obtained by Yanai and Hayashi (1969) and the values of C(*, *) obtained by them are almost the same order as those obtained in this study. They obtained * from the data of u, * and T by the use of linearized equations of motion but we calculated ** directly from the data of geopotential height and meridional wind velocity. In addition to the contribution due to the 4-day period disturbances, contributions due to disturbances with periods near 6 days and those with periods near 10 days are dominant in the upper troposphere. The 6-day period disturbances transport energy poleward and the 10-day period disturbances transport energy equatorward. Comparing Fig. 3 with Fig. 1 , we find that C(*, *) and C(u, *) are negatively correlated especially in the upper troposphere. The energy flux of the long quasi-geostrophic waves which propagate with a phase velocity c is given by the following expression.
where U is the velocity of the zonal current. The equation (1) is a slight extension of the formula obtained by Eliassen and Palm (1961) . From the knowledge of C(*, *) and C(u, *) and that of U, we can estimate an average phase velocity of the disturbances using (1). We use integrated values of C (*, *) and those of C (u, *) in the three period ranges near the certain period to obtain ** and u*. Table 2 shows the phase velocity and the corresponding wavelength of various disturbances estimated in this way at the 200-mb level. In the equatorial region, three disturbances with periods of about 4, 6 and 10 days have westward phase velocities relative to the mean zonal wind. The estimated wavelength of the 4-day period disturbances agrees well with the previous estimate of Yanai et al. (1968) . In the sub-tropical region, both disturbances with 6-day periods and 15-day periods have westward phase velocities relative to the mean zonal wind but the 6-day periods disturbances propagate eastward and have a wavelength of about 3,000 km. The longer period disturbances have a large wavelength and westward phase velocity. In the lower troposphere, the amplitudes of C(u, *) and C(*, *) are small and the correlation between them are not so high. Therefore it is difficult to apply the method mentioned above to the lower tropospheric disturbances.
From the above results we conclude that disturbances with 4-5 day periods play an important role in the horizontal transports of momentum, sensible heat and potential energy in the equatorial region.
On the other hand disturbances with periods longer than 6 days have large contributions to the horizontal transports at the subtropical latitudes. The disturbances with 4-5 day period in the upper troposphere and lower stratosphere in the equatorial region correspond to large-scale waves studied by Yanai and Maruyama (1966) , Maruyama (1967 Maruyama ( , 1968 , and Yanai and Hayashi (1969). The 4-5 day period disturbances in the lower troposphere were fully examined by Nitta (1970) . The negative correlation between T and * due to the low-level disturbances is consistent with their thermal structure i. e., a cold air is situated to the east of trough axis and a warm air to the west. Besides these disturbances, disturbances with longer periods also predominate in the equatorial upper troposphere but the characteristics and the structure of these longer period disturbances are not well known. Recently, Yanai and Murakami (1970) have examined the structure of various wave modes which exist in the equatorial region by separating the spectral contributions into the symmetric and antisymmetric parts with respect to the equator.
The 6-day period disturbances contributing to the horizontal transports in the sub-tropical upper troposphere may correspond to the travelling trough extending from middle latitudes. The longer period disturbances in the subtropics may be a kind of long Rossby-type waves.
4. The total eddy horizontal transports of zonal momentum, sensible heat and potential energy and contributions of 4-5 day disturbances
We shall next examine the total eddy horizontal transports of zonal momentum, sensible heat and potential energy and the contributions of disturbances in the period range near 4 days to the total horizontal transport as functions of latitude and altitude.
The total eddy horizontal transport in our analysis contains contributions due to all disturbances with periods less than 20 days. Among them the horizontal transport due to disturbances in the frequency range from 0.18 to 0.32 day-1, i. e., in the period range from 5.56 to 3.12 days are given by where A may be u, T or *, and *f=0. 02day-1. Since we use time series data at only 13 stations, we cannot obtain detailed latitude-height distributions of u*, T* and **. So we divide the whole data into three latitudinal groups and obtain average values for each latitudinal belt. We divide the tropical regions into 15°S-Equator, Equator -15*N and 15*N-30*N . Since the data of Midway (28*N, 177*N) have somewhat different characteristics from those of other stations in the similar latitudes, they are omitted. We divide the troposphere vertically into three layers.
The lower layer includes the 1000-, 850-and 700-mb levels, the middle layer the 500-, 400-and 300-mb levels and the upper layer the 250-, 200-, 150-and 100-mb levels. Fig. 4 shows the latitudinal-height distributions of the total eddy transport of zonal momentum and the partial transport due to the 4-day period disturbances. The total momentum transport is directed poleward in all the subdomains.
Strong poleward fluxes exist in the upper troposphere especially in the region between 15*N and 30*N.
The estimated values of the momentum flux agree well with those due to transient eddies obtained by Kidson et al. (1969) .
There is an indication showing momentum fluxes across the equator from the winter hemisphere to the summer hemisphere in the upper troposphere as noted by Kidson et al. (1969) . The direction of the zonal momentum flux due to the 4-day period disturbances is generally the same with that of the total eddy transport. However, the magnitude of the transport due to the 4-day period disturbances is very small compared with that of the total eddy transport in the subtropical region (15*N-30*N).
The ratio of the partial transport due to the 4-day period disturbances to the total eddy transport is about 1/4*1/5 in the subtropical region. In the equatorial region (15*N-15*S) the momentum transport due to the 4-day period disturbances become even smaller but its ratio to the total eddy momentum transport is large especially in the lower and the middle layers. Fig. 5 shows the distributions of the total eddy transport of sensible heat and the partial transport due to the 4-day period disturbances. As for the total eddy transport, there is a small and equatorward flux in the lower and middle troposphere and there is a large and poleward flux in the upper troposphere. Starr and Wallace (1964) and Kidson et al. (1969) in the equatorial region are due to disturbances with periods near 4 days. These 4-to 5-day period disturbances have a positive correlation between T and * in the upper troposphere and the lower stratosphere as noted by Maruyama (1968b) and Yanai and Hayashi (1969) , and have a negative correlation in the lower troposphere as studied by Nitta (1970) . Finally we examine the horizontal transport of potential energy.
In Fig. 6 we notice that a remarkably large energy flux is introduced from higher latitude especially in the upper troposphere and that the flux is southward across the equator, i. e., the energy is flowing from the summer hemisphere to the winter hemisphere. Mak (1969) also obtained a strong equatorward energy flux from the higher latitudes. The order of the flux estimated in our analysis is in good agreement with that obtained by Mak (1969) . A large part of contributions to the equatorward energy flux are due to longer period disturbances. Though the disturbances with 4-5 day periods contribute little to the equatorward energy flux, the direction of energy flux due to these disturbances is same as that of the total energy flux.
Estimates of energy transformations
In this section we shall estimate energy transformations associated with transient eddies in the equatorial region. As disturbances with periods of about 4 days dominate in the equatorial region where k=1/2(u2+*2) and e=1/2***2 are the eddy kinetic energy and the eddy available potential energy respectively, **dp/*t the vertical p-velocity, U the basic mean zonal current, * the mean specific volume, ** the mean static stability defined by **=-1/***/*p,dQ/dt the diabatic heating per unit mass of air per unit time, cp the specific heat of air at constant pressure and R the gas constant of air. Small letters denote quantities of disturbances and bars over letters denote time means. For diagnostic purposes, we may assume that *k/*t and *e/*t are zero, i. e., the average kinetic energy and temperature variance with eddies are constant with time. The second and the third terms on the left hand side of equation (2) show the divergence of wave energy flux, the first and the second terms on the right hand side of (2) denote the energy conversions from the mean zonal wind and the last term is the energy conversion from eddy potential energy to eddy kinetic energy. In equation (3), the first, the second and the third terms on the right hand side are energy conversions from mean potential energy, the energy conversion from eddy kinetic energy and the generation of eddy potential energy due to diabatic heating respectively. In our spectral analysis, we cannot measure the vertical velocity and the diabatic heating, so that we cannot obtain terms containing **, u*, ** and * dQ/dt . We can estimate only terms of Fig. 7 shows latitudinal distributions of mean zonal wind for the analyzed period in the three layers.
Black circles denote station values of mean zonal wind in the eastern Pacific area (to the east of 180*) and white circles denote those in the western Pacific area (to the west of 180*). In the east Pacific, the velocity distributions are nearly symmetric with respect to the equator in the lower and the middle troposphere and the mean wind shows positive *U/*y in the upper troposphere.
The latitudinal variation of the zonal wind appears to be different between the eastern and the western Pacific areas, but the data near the equator in the western Pacific are missing and it is difficult to measure the horizontal shear in the western Pacific. Fig. 8 shows latitudinal distributions of mean temperature for the same period in the three layers. In the lower and the middle troposphere the temperature is maximum at the equator but in the upper troposphere the mean temperature is almost constant.
We can estimate (KZ, KE) and (AZ, AE) from the knowledge of u* and T* due to eddies which were obtained in Section 4 and the meridional gradient of mean zonal wind and that of mean temperature.
We also obtain -*/* y (**) from the estimated values of **.
We calculate these quantities in the region between the equator and 15*N. In this computation we use the values of * U/*y in the eastern Pacific because the data near the equator in the western Pacific are missing. Fig. 9 illustrates energy transformation, (KZ, KE), (AZ, AE) and -*/*y(**), due to the total transient eddies which contain all eddies with periods shorter than 20 days and those due to disturbances in the period range near 4 days. For the total eddies, we notice that the convergence of energy flux from side boundaries is quite large especially in the upper troposphere. This result agrees with that shown by Mak (1969) .
Values of -*/*y(**) are almost one order of magnitude larger than those of (KZ, KE) and those of (AZ, AE). (KZ, KE) and (AZ, AE) are generally negative, i. e., the eddy kinetic energy is transformed to the mean kinetic energy and the eddy available potential energy is transformed to the mean available potential energy because both the momentum and the sensible heat flux are counter-gradient. Kidson et al. (1969) obtained energy conversions from eddy to mean kinetic energy by the transient eddies in the summer hemisphere. The estimated values of (KZ, KE) are on the summer hemisphere. The estimated values of (KZ, KE) are on the same order of magnitude with those of Kidson et al. (1969) . Krishnamurti (1969) obtained conversions from eddy to zonal kinetic energy in the vicinity of the intertropical convergence zone. The values of (AZ, AE) obtained in our analysis and those in Kidson et al. (1969) are also on the same order of magnitude but the direction of energy conversion is opposite. They obtained energy conversions from zonal available potential energy to eddy available potential energy in the summer hemisphere. Manabe and Smagorinski (1967) and Krishnamurti (1969) also obtained energy conversions from zonal to eddy available potential energy in their numerical experiments. In all of these studies, the sensible heat flux was downgradient contrary to the present analysis.
General features of (KZ, KE) and (AZ, AE) due to disturbances with periods near 4 days are similar to those of the total eddies, i. e., (KZ, KE) and (AZ, AE) are negative, but the values of (KZ, KE) due to these disturbances in the upper troposphere are smaller than those of (KZ, KE) due to the total eddies.
The convergence of energy flux from the side boundaries due to the 4-day period disturbances exist in the lower and the upper troposphere, but its relative importance to the energy balance is small as compared with that for the total eddies.
In the middle troposphere divergence of energy flux from the side boundaries is noticed.
Since we have no direct measurements of (AZ, AE)*-**, what can be said with certainty is that the energy flux from higher latitudes acts as a source of eddy kinetic energy in the 0*-15*N region.
The energy cycle obtained in this study is very similar to that obtained by Mak (1969) .
Conclusions and remarks
Firstly we calculated average co-spectra between u and *, T and *, and * and * for equatorial and subtropical Pacific stations based on the data of April-July 1962 and examined time scales of disturbances which contribute to the horizontal transports of zonal momentum, sensible heat and potential energy. In the equatorial region disturbances with periods of about 4 days play an important role to the meridional transports in the whole troposphere, but disturbances with periods of about 6 days and those with periods longer than 10 days also contribute to the transports in the upper troposphere.
On the other hand, in the subtropical region disturbances in the period range near 6 days and those with periods longer than 10 days have large contributions to the horizontal transports. The nature of these disturbances was infered from the relation between u* and **. All wave modes show westward phase propagation relative to the mean zonal current.
Secondly we obtained the total eddy transports of zonal momentum, sensible heat and potential energy due to transient eddies and examined the relative importance of the contributions of disturbances with periods of about 4 days to the total transports.
The momentum flux is directed poleward in all the sub-domains and large poleward momentum flux exists in the upper troposphere between 15*N and 30*N. The heat flux is directed equatorward in the lower and middle troposphere and poleward in the upper troposphere. A large part of the sensible heat flux in the equatorial region is due to disturbances with periods of about 4 days. A remarkably strong equatorward energy flux comes in from higher latitudes in the upper troposphere. This strong equatorward energy flux is mainly due to disturbances with periods longer than 6 days. Energy flux is directed southward across the equator.
Thirdly we made a partial estimate of the energy balance for the total eddies and that for the 4-to 5-day period disturbances.
The convergence of energy flux entering from the subtropical latitudes is almost one order of magnitude larger than other energy transformations, (KZ, KE) and (AZ, AE). The eddy kinetic energy is transformed to the zonal kinetic energy and the eddy available potential energy is transformed to the zonal available potential energy. The direction of energy transformations obtained in this study is very similar to that obtained by Mak (1969) . Numerical studies of Manabe and Smagorinsky (1967) and Krishnamurti (1969) showed the importance of the generation of available potential energy which is due to condensation and convection and energy conversion from eddy available potential energy to eddy kinetic energy, but they did not discuss the boundary flux. In a recent numerical study using a global model, Manabe et al. (1970) demonstrated that the conversion of eddy available potential energy is the more important source than the energy transfer from the middle latitudes.
An observational study of the conversion through -** in the tropics and the convergence of energy flux from higher latitudes is being in progress by the author.
We remark that the sign of *U/*y in the western Pacific in 1958 was quite different from that in the eastern Pacific in 1962 (Nitta and Yanai, 1969) . Further studies are also needed to clarify the contribution of barotropic processes.
It is obvious that the data samples utilized in this study are too small to establish a general conclusion about the role of eddies in the whole tropics. It is highly needed to expand the analysis to other areas and to other samlping periods.
